A study has been conducted to develop proper test methods and to utilize the tests to evaluate three-dimensional mechanical behavior of a polyvinyl chloride structural foam (Divinycell H80 with nominal density of 80 kg/m 3 ). Transversely isotropic foam microstructure was examined and it revealed that the cell size aspect ratio in in-plane directions was near unity but greater than one in the out-of-plane (rise) direction. Foam stiffness properties, i.e. moduli and Poisson's ratios, were obtained in different loading modes, along both in-plane and out-of-plane directions. The influence of test specimen geometry on compressive properties was studied. Foam specimens with both straight-side and reduced gage sections were designed, fabricated and tested. The effect of specimen gage-section aspect ratio was identified as a critical geometric parameter, affecting foam compressive properties. For foam tensile properties, specimens with different cross-sectional dimensions in the gage section were used. The results revealed transversely isotropic characteristics of the foam material. To evaluate foam shear properties a scaled shear test method was developed. The results indicated a significant difference in in-plane and out-of-plane foam shear stiffness properties.
Introduction
High-performance, load-bearing sandwich structures are often constructed with fiber-reinforced polymermatrix composites and core structural foams. They appeared in many aerospace, marine, automotive, and wind energy systems. Their structural performance depends not only on the fiber-composite skin but also on the core material, as well as on adhesive bonding between them. In-depth knowledge of core foam materials, their mechanical properties and associated mechanics is essential in design, reliability and performance of the sandwich structure. Among various core foam materials, polyvinyl chloride (PVC) structural foam is the most widely used.
The PVC structural foam is generally transversely isotropic with in-plane isotropy and out-of-plane (rise-direction) orthotropy due to its cell structure generated from the foaming process. Foam manufacturers commonly provide nominal out-of-plane mechanical properties evaluated with ASTM standard test methods. Due to convenience and simplicity, most of the information found in the literature on properties of PVC foams with different densities is determined with the standard tests.
The standard test methods for foam tension 1 and compression 2 utilize specimens with an (length-towidth) aspect ratio of one or less. The low aspect ratio introduces a non-uniform strain field within the gage region due to the grip-end constraint, leading to inconsistent measurements and large data variation. 3 Also, foam in-plane properties and Poisson's ratios are generally not available. Since the foam core in a sandwich structure is subjected to not only in-plane but also out-of-plane loads, full three-dimensional (3D) mechanical properties of the foam material must be determined properly in all loading modes and directions for use in proper design and integrity assessment of the sandwich structure.
Several researchers [4] [5] [6] [7] [8] have reported mechanical properties and failure strengths under different loading modes, using test methods other than the ASTM standards. Their results show large variation and dependency on specimen geometry and dimensions. The effectiveness and validity of the different test methods and specimen geometry require serious examination.
The objectives of this study are to: (1) develop proper test methods for accurate evaluation of 3D foam material stiffness properties along different directions under different loading modes; (2) determine directionally dependent, 3D stiffness properties and characteristics, especially in-plane properties, of the PVC foam in different loading modes; and (3) provide microstructure models and experimental data for a complementary study 9 on development of micromechanics theory and prediction for use in design and analysis of composite sandwich structures. A comprehensive test program is developed and conducted on a PVC foam for determination of its 3D mechanical properties under compression, tension and shear loads in in-plane and out-of-plane directions. Of particular interest are the effects of specimen geometry and gage-section aspect ratio on the 3D foam properties under different loading modes. In separate papers, 10,11 the important problems of inelastic (yield) and failure behavior of PVC foams are addressed.
Development of test methodology for 3D foam stiffness Material
The PVC foam investigated in the study was Divinycell H80 with nominal density of 80 kg/m 3 . A sheet of the foam with approximately 1.2 m Â 1.2 m and 50.8 mm in thickness was provided by a manufacturer. The stiffness data from the manufacturer are limited to out-of-plane properties (90 MPa in compression, 95 MPa in tension, and 27 MPa in shear). To denote its directionally dependent properties under different loading modes, a coordinate system shown in Figure 1 was introduced. As shown in the figure, directions 1 and 2 (in-plane directions) are orthogonal coordinates alongside edges of the plate. The three-direction is the out-of-plane (rise) direction.
Test specimens and sample preparation
Compression test specimen. Two types of specimen geometry were used for foam compression tests ( Figure 2 ): one with straight-side geometry and the other with a reduced gage-section width; both had square cross sections. For the straight-side specimen, a slightly over-sized specimen blank was cut using a table saw. The specimen blank was grounded with a series of Emery papers (down to 1000 grit) to the nominal dimensions shown in Figure 2 (a). The straight-side specimen was about 50.8 mm in length with a square crosssection. The density of each specimen was determined from its dimensions and weight. The specimens were used first to measure compressive stiffness properties at a small load level. After completion of the test, the cross section of the specimen was reduced by machining all four side surfaces with a milling cutter to make a specimen with a reduced gage section, as shown in Figure 2 (b). The milled side surfaces were then grounded with Emery paper to the designed (reduced gage section) width (W GS ). Loading surfaces of the test specimen were not treated since surface treatment may affect stiffness determination.
Tensile test specimen. The overall specimen geometry and nominal dimensions for in-plane and out-of-plane tensile tests are shown in Figure 3 . An approximately 3 mm oversized specimen blank was cut from the asreceived foam sheet. The specimen blank was ground to rectangular shape with predetermined width, length and thickness, using a series of Emery papers (up to 1000 grit). Dimensions and weight of each specimen were measured, and its density determined. The gage section of the specimen was machined with a milling cutter and its machined surfaces were grounded with Emery papers.
For the specimen used in out-of-plane stiffness determination, five pieces of the foam, taken in the outof-plane (rise) direction, were glued together with 3 M Scotch-Weld 2216 B/A epoxy adhesive and cured at room temperature for minimum 24 h. Only the 50.8-mm long center piece was machined to form the specimen gage section. The thickness of all test specimens was approximately 12.7 mm.
Shear test specimen. After an oversized specimen blank was cut from a foam sheet by a table saw, the shear test specimen was grounded to its final nominal dimensions of 25.4 mm (width) Â 114.3 mm (length) Â 9.5 mm (thickness) (Figure 4 ). The specimen length-to-thickness ratio was twelve in accordance with ASTM Standard C273. 12 The density of each specimen was also determined with the same procedure discussed before. The specimen was adhesively bonded to shear loading plates using the same epoxy adhesive and cured at room temperature for at least 48 h.
Experimental setups and test systems
The experimental setups for foam compression, tension and shear tests developed in the study are shown in Figure 5 (a) to (c), respectively. The compression test system consisted of aluminum loading platens, and two axial and two lateral extensometers. The loading platens were aligned in parallel within AE 0.0127 mm. The two sets of extensometers were positioned 180 apart to obtain average strains. The axial extensometers had a gage length of 25.4 mm. The lateral extensometers had attachments specially made for mounting on the specimens with different cross sectional dimensions.
The foam tensile test system included mechanically tightened flat-face grips, two axial extensometers positioned 180 apart and one lateral extensometer. The same axial and lateral extensometers used in the compression test were also used for the tension test.
The design of foam shear-test fixtures was similar to that of ASTM Standard C273. 10 The scale-down shear specimen required in-house built shear fixtures. To measure relative displacements of shear-loading plates, two clip gages were used.
Experimental procedures and data acquisition
All tests were conducted with a servo-hydraulic material test system in a displacement-controlled mode at a nominal strain rate of 1.4-1.6%/min at ambient temperature. During each test, load, and displacement signals from the extensometers and clip gages were recorded by a data acquisition system. Maximum loads for determination of foam compressive, tensile and shear moduli and Poisson's ratios varied, depending on loading modes and directions. For all the cases studied, the maximum load in each test was approximately one third or less of the foam strength 10 of individual loading mode.
In the compression test, specimen alignment was important and was carefully controlled by flatness and parallelism of loading end surfaces of the specimen. Compressive moduli and Poisson's ratios were measured by repeating the loading-unloading test four times on the same specimen and by rotating the specimen 90 after each test.
Results and discussion

Foam microstructure and density variation
Optical micrographs of the PVC (Divinycell H80) foam cell microstructure in different planes are shown in The results in Figure 7 indicate relatively uniform foam density with small variation in the out-of-plane direction. The overall average specimen density was close to that of the gage region where strains were measured.
Foam property test methods and their validity
Compression test. A typical compressive loading-unloading stress-strain curve is shown in Figure 8 for out-ofplane foam modulus determination. The maximum compressive stress for the stiffness determination was 0.55 MPa in all tests and the resulting strain ranged from 0.0052 to 0.0059, depending on specimen gagesection width W GS . The foam compressive stressstrain curve was almost linear in the small strain region of less than 0.001. Beyond the initial region, a second linear region with a lower stiffness (slope) extended to the maximum compressive load. In this study, foam compressive stiffness properties were determined from the second linear portion of the loading curve with strain greater than À0.001.
In Figure 9 , compressive foam moduli are obtained along 3-1 and 3-2 planes of both straight-side and reduced gage-section specimens with a given gage-section dimension (W GS ). The moduli from straight-side specimens were found lower than those from the reduced gage-section specimens. In both straight-side and reduced gage-section specimens, a smaller gage cross-section resulted in a lower foam compressive modulus till the gage-section width W GS reached a critical value. Since the straight-side and the reduced gagesection specimens had different gage lengths, the specimen-geometry effect on foam compressive moduli may be best expressed by the gage-section aspect ratio as shown in Figure 10 . In a specimen with a gage-section aspect ratio L GS /W GS greater than two, almost no change in foam compressive modulus was obtained, suggesting that the compressive modulus obtained was a true material property, independent of L GS /W GS . Consequently, the desired specimen geometry requirement is established (i.e. L GS /W GS ! 2) for the valid foam compressive stiffness determination.
A typical in-plane compressive stress-strain curve for determination of modulus E 11 is shown in Figure 11 . Because of the low strength in this direction, a maximum compressive stress of 0.35 MPa was selected for the modulus evaluation in all the in-plane cases. (The corresponding strain ranged from 0.0058 to 0.0068, depending on specimen gage-section width (W GS ).) Characteristics of the in-plane compressive stress-strain relationship were the same as those observed in the out-of-plane direction but with significantly lower stiffness. The in-plane compressive modulus was determined with the same method as that for the out-of-plane case.
The compressive moduli (E 11 and E 22 ) in 1 and 2 directions both decreased with reduction in gagesection width (W GS ). In Figures 12 and 13 , changes of in-plane foam compressive moduli are shown for test specimens with different gage-section dimensions and aspect ratios. Even though the change in magnitude of the in-plane compressive modulus was relatively small, the importance of using a specimen with a sufficiently large aspect ratio L GS /W GS was clearly demonstrated for determining true compressive foam properties. In the case of H80 PVC foam, an aspect ratio L GS /W GS ! 2 was used thereafter to obtain the true in-plane foam compressive stiffness properties.
Tensile tests for in-plane and out-of-plane axial stiffnesses. Linear tensile stress-strain curves of H80 PVC foam were obtained for in-plane and out-of-plane (rise direction) tensile properties (Figure 14) . Because of the expected directionally dependent tensile strength of the H80 foam, maximum tensile stresses for modulus measurement were 0.69 MPa for the outof-plane (3) and 0.48 MPa for in-plane (1 and 2) direction specimens, respectively. (Foam elastic modulus was determined from the loading portion of each curve.)
The effect of specimen gage-section width W GS on in-plane and transverse tensile foam elastic moduli is shown in Figure 15 . The moduli obtained exhibited little dependence on specimen gage section width, indicating the true foam tensile properties were determined from the tests.
Tests for in-plane and out-of-plane shear stiffness. Typical shear stress-strain curves of PVC (H80) foam are shown in Figure 16 . In the in-plane and transverse shear tests, maximum shear stresses of 0.28 and 0.35 MPa were applied, respectively. Linear stressstrain relations were observed for both in-plane and transverse shear, indicating the true elastic shear stiffness properties of the foam were obtained. The shear moduli were determined from the loading portion of the shear stress-strain curves.
Compressive stiffness properties of PVC foam
Out-of-plane (rise or 3 direction) compressive modulus. With the test method developed, compressive stiffness properties were obtained for the PVC (H80) foam with specimens of the required geometries and dimensions. The results are summarized in Table 1 . The effect of gagesection aspect ratio on Poisson's ratios, n 31 and n 32, was found to be similar as that on compressive moduli, E 33
31 and E 33 32 .
In-plane compressive properties (1 and 2 directions).
Compressive stiffness properties of the PVC (H80) foam in 1 and 2 directions were determined also and summarized in Tables 2 and 3 . The results revealed that compressive foam properties in the two directions were almost identical; thus the 1-2 plane was isotropic.
Poisson's ratios, n 12 , n 13 , n 21 , and n 23 exhibited a similar dependence on the specimen gage-section aspect ratio as the compressive foam moduli did. The compressive moduli and Poisson's ratios along in-plane and out-ofplane directions clearly showed that the PVC (H80) foam was transversely isotropic. The reciprocity relationship of anisotropic elasticity, i.e. n ij /E ii ¼ n ji /E jj , was met by all the elastic constants of the foam obtained in the experiments.
Tensile stiffness properties of PVC foam
Out-of-plane (rise or 3) direction. Results of out-of-plane foam tensile stiffness properties of the PVC (H80) foam were also determined and summarized in Table 4 . The transverse tensile modulus and Poisson's ratios of the foam were found to be slightly affected by the specimen gage-section width. The validity and effectiveness of the specimen configuration introduced in the study is clearly demonstrated for proper determination of the consistent transverse tensile stiffness of the foam. In-plane (1 and 2) directions. Tensile stiffness properties obtained in 1 and 2 directions of the PVC (H80) foam are summarized in Table 5 . Tensile foam moduli and Poisson's ratios were found to be slightly affected by the specimen gage cross-section dimension.
The tensile foam properties in 1 and 2 directions were very close, clearly exhibiting planar isotropy. The tensile moduli and Poisson's ratios in in-plane and out-of-plane directions also satisfied the reciprocity relationship in orthotropic elasticity, i.e.,
Shear stiffness properties of PVC foam
Out-of-plane (G 13 and G 23 ) and in-plane (G 12 and G 21 ) shear stiffnesses. Shear stiffnesses in out-of-plane (rise) and inplane directions of the PVC (H80) foam were obtained and summarized in Table 6 . The transverse shear moduli, G 13 and G 23 , were very close as expected. Moreover, the transverse shear stiffness of H80 foam was significantly higher than the in-plane shear stiffness (G 12 and G 21 ), due to the stretched cell microstructure in the rise direction. In addition to E 11 ¼ E 22 and n 12 ¼ n 21 which were shown in the previous sections the relation, G 12 ¼ E 11 =2ð1 þ 12 Þ was also met to validate the in-plane isotropy of the PVC foam.
In summary, the 3D stiffness properties of PVC H80 foam are given in Table 7 .
The out-of-plane stiffness properties of the PVC H80 foam obtained in this study were found close to those by the manufacturer but they were significantly different from those reported by other investigators. 4, 7, 8 
Conclusions
Proper test methods for evaluating mechanical properties of closed-cell PVC foam were developed. With the methods, proper foam specimen configurations were established for mechanical tests in different loading modes, including compression, tension and shear, with loading along in-plane and out-of-plane directions. Effects of specimen geometry and dimension on foam mechanical properties were investigated in detail.
Based on the results obtained, the following conclusions may be drawn:
1. Determination of true foam stiffness properties is strongly dependent on test specimen configuration. Accurate determination of compressive elastic properties of the H80 PVC foam requires the specimens with a gage-section aspect ratio greater than two. The preferred gage-section aspect ratio is not loaddirection dependent for the foam compression tests. 2. The H80 PVC foam tensile stiffness properties are little affected by the specimen gage dimension. 3. The H80 PVC foam cell microstructure is directionally independent in the in-plane directions, but highly elongated in the out-of-plane (rise) direction. Uniform foam density in the out-of-plane direction is found and the density within the gage region is almost the same as the overall (average) density of the entire specimen. 4. Compressive stiffness of H80 PVC foam is directionally dependent. Compressive foam modulus in the out-of-plane (rise) direction is significantly higher than those along in-plane directions, due to anisotropic foam cell microstructure. The in-plane compressive modulus is directionally independent. 5. Both tensile in-plane and out-of-plane foam moduli and Poisson's ratios are significantly different from those obtained in compression. 6. Foam tensile modulus in the out-of-plane (rise) direction is much higher than those in the in-plane directions. The in-plane tensile moduli are also directionally independent. 7. Shear moduli of the H80 PVC foam are highly dependent on the shear loading direction. Transverse (out-of-plane) shear modulus is much higher than that in the in-plane direction. 8. The foam cell microstructure and test results of foam stiffness clearly show that the H80 PVC foam is transversely isotropic with the 1-2 plane as the plane of isotropy.
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